Keywords: City size Land use Transport network Traffic congestion dynamics Macroscopic fundamental diagram a b s t r a c t This paper presents an alternative approach for analyzing the relationship between land use and traffic congestion by employing the Macroscopic Fundamental Diagram (MFD). The MFD is an empirically observed relationship between traffic flow and traffic density at the level of an urban region, including hypercongestion, where flow decreases as density increases. This approach is consistent with the physics of traffic and allows the parsimonious modeling of intra-day traffic dynamics and their connection with city size, land use and network characteristics. The MFD can accurately measure the inefficiency of land and network resource allocation due to hypercongestion, in contrast with existing models of congestion. The findings reinforce the 'compact city' hypothesis, by favoring a larger mixed-use core area with greater zone width, block density and number of lanes, compared to the peripheral area. They also suggest a new set of policies, including the optimization of perimeter controls and the fraction of land for transport, which constitute robust second-best optimal strategies that can further reduce congestion externalities.
Introduction
The increasing economic and environmental concerns raised by the growth of private vehicle use in urban areas have resulted in the design and implementation of a number of planning and management strategies on the supply side (control of traffic signals, ramp metering, capacity enhancement, etc.) or the demand side (congestion pricing, parking restriction, etc.) to diminish efficiency losses. From the planning perspective, policies have favored more compact development patterns by revitalizing the city center and restricting urban sprawl, through density and boundary growth controls (Anas et al., 1998; McConnell et al., 2006) . In this context, the appropriate selection of network design parameters is crucial for the efficient allocation of road investment in the early stages of planning, or when updating the urban master plan. Such design parameters may encompass the number of road links, average link length, block area and average number of lanes. Particularly, the question of the allocation of resources to large urban clusters or more spatially dispersed metropolitan areas is critical for the development of countries with a rapidly growing urban population, such as China and India (Henderson, 2010) .
The proper modeling, interpretation and treatment of the relationship between urban land use and congestion are necessary to address the above question. However, existing traffic models in urban economics pose severe theoretical and empirical limitations in realistic applications. This is because they employ link travel cost functions which cannot accurately specify the intra-day traffic dynamics and relate them to land use and urban-scale network characteristics in a way that is computationally tractable and consistent with the physics of traffic. This failure hinders the ability of economic models to support accurate and robust design proposals for the allocation of urban land and network resources to diminish congestion externalities.
Specifically, the traditional models of congestion simplistically assume that the travel time on each link is separable and monotonically increasing with link flow. This assumption is adopted by the Bureau of Public Roads (Branston, 1976 ) and the Vickrey congestion function. The form of such travel time functions implies the existence of a stationary traffic equilibrium regime and steadystate volume-delay relationships. Several studies have challenged the use of these functions because of the need to account for the non-monotonicity of travel time with traffic flow (McDonald et al., 1999) and showed the intrinsic inconsistency, infeasibility and instability of static models of congestion (Verhoef, 1999 (Verhoef, , 2001 (Verhoef, , 2005 . As more recent studies have pointed out, plots between pertinent traffic variables (flow, speed, delay) on a spatially disaggregated (link) level are not in steady state, but are actually in highly-scattered conditions and do not follow a well-defined curve.
The general equilibrium models of urban land use and transport typically assume an uncongested regime or point-queuing. The latter assumption does not account for the temporal and spatial dimensions of congestion and is not consistent with the laws of physics, because travel speed is entirely determined by traffic density at a specific location and time (Ross and Yinger, 2000; Arnott, 2007) . Even recent, conceptually sophisticated models of this type, such as the Regional Economy, Land Use and Transportation (RELU-TRAN) model (Anas and Liu, 2007; Anas, 2011) , do not consider the intra-day traffic dynamics. Moreover, such models involve increased calibration costs for network modeling (including partitioning into a considerable number of zones) and require the availability of origin-destination trip matrices and traffic assignment procedures to produce a user equilibrium pattern of link travel times. The traffic assignment procedures are associated with strong assumptions about the route choice behavior of consumers, intense computational burden and mathematical properties that are difficult to analyze in realistically large networks (Peeta and Ziliaskopoulos, 2001; Chiu et al., 2011) .
The bottleneck model (Vickrey, 1969; Arnott et al., 1993; Arnott, 1998) , in which peak-period traffic congestion is represented as a queue behind a bottleneck with fixed flow capacity at the edge of CBD, provides an alternative congestion technology. However, an important problem pertaining to all the above models is that they ignore the downward-sloping part of the curve between flow and density, known as hypercongestion, on a single link that is typically homogenous with uniformly distributed capacity (Lo and Szeto, 2005) . In hypercongestion, the flow decreases from the point where the density reaches a particular critical value that maximizes flow, until the flow falls to zero when density reaches its maximum value (jam density).
Furthermore, only a few studies have attempted to abstractly represent the network-wide relationships between traffic variables, by extending the constraints and dynamics involved in the bottleneck model. In some of them, like that of Small and Chu (2003) , which allowed for hypercongestion, the dynamic analysis cannot ensure a stable macroscopic relationship that is consistent with the physics of traffic. In others, such a relationship cannot be generalized (Arnott and Inci, 2010) , or it becomes computationally intractable for large-scale urban networks. There are also studies (e.g. Lago and Daganzo, 2007; Arnott and de Palma, 2011) which consider the suburbs and CBD as points in space, i.e., without having a physical dimension. The latter assumption hinders the analysis of intersection-based control strategies (e.g. metering of network access) and land use policies for reducing congestion costs.
The approach proposed here treats the above theoretical and computational shortcomings by abstracting the complexity of network traffic dynamics into a single graphical expression. Fig. 1 illustrates a stable and low-scattered graphical relationship, referred to as the Macroscopic Fundamental Diagram (MFD), 1 between space-mean flow (or produced amount of travel), the system-wide vehicle-kilometers traveled per hour (veh-km/h), and vehicle density, the system accumulation in vehicles per kilometer per lane (veh/km/lane), for two regions (neighborhoods) of a hypothetical concentric city (presented in Section 2). The MFD recognizes the inherent dynamics of macroscopic phenomena of congestion, the dependence of travel delays on the initial density conditions and the non-linearity of the average throughput-accumulation relationship. The system throughput is defined as the network outflow in vehicles per hour (veh/h), which is the rate that vehicles exit the network by driving to other neighborhoods or reaching their destinations. In methodological terms, the MFD represents macroscopically (at each region) the flow of vehicles from their origin to destination at each instant (very short time interval) of the period of analysis. The modeling encompasses the rates at which vehicle trips enter and exit the network, and the queuing dynamics, according to the flow-density relationship given by the MFD curve of each region. This process ensures the conservation of flows between entry and exit rates and accounts for both states of congestion and hypercongestion at the rising and falling portion of the curve, respectively (see Fig. 1 ). The traffic capacity in some regions may change over time, when during hypercongestion the vehicle density (or accumulation) degrades throughput.
The MFD can also integrate the physical and functional characteristics of the urban land and transport network. This allows the expression of the spatial-temporal patterns of congestion as a function of city size, land use, network topology and traffic control. Hence, it is shown how different land use and network structures affect the formation and dynamics of congestion. Therefore, the MFD offers a tractable and parsimonious approach for modeling congestion that is consistent with the physics of traffic and relevant to economic analysis of policies to reduce it. The proposed alternative paradigm addresses the evaluation of land use policies and the design of transport systems, and suggests suitable combinations of strategies to alleviate congestion.
Existing studies in economics (see above) have mostly focused on the provision of new road capacity and imposition of tolls to reduce congestion externalities. Nonetheless, the implementation of these strategies is usually restricted by limited funding and enforcement capacities, particularly in developing countries. The MFD approach permits the analysis of a set of second-best policies, which could not be investigated in models that fail to include hypercongestion or are intractable for deployment in large-scale urban areas. Such policies include the use of advanced technology for metering of access (CBD perimeter control) and the reallocation of the existing network capacity and land use among urban zones. The resulting plans recognize that (i) commuting costs are not only a function of inflow, but also (non-linearly) depend on the previous level of congestion and (ii) an optimal solution may be reached even in hypercongestion.
The paper proceeds as follows. Section 2 describes the structure of a simple monocentric city model with concentric neighborhoods, which is used to apply the MFD approach. Section 3 pre- 1 The existence of MFD has been empirically verified through aggregating highly scattered plots of flow vs. density from individual links as measured by fixed detectors and other readily available monitoring technologies in uniformly congested urban areas . sents the MFD approach and compares it with existing models of congestion. Section 4 describes simulation experiments for the optimal allocation of urban land and network resources in the presence of various constraints. Section 5 extends these experiments by allowing all of the available urban parameters to vary and it performs a sensitivity analysis of the results. It also analyzes how the MFD can be used for the robust design of alternative policies, such as metering of access through perimeter control and optimal allocation of land for transport, to reduce congestion externalities. In addition, it shows the results from implementing the MFD model into major cities with realistically representative settings. Section 6 summarizes and provides conclusions.
Concentric city model
Let us assume a concentric city with two zones: the inner core, z = 1, and the periphery, z = 2. The total area is equal to
Þ, where the total radius R = R 1 + R 2 (see Fig. 2 ). The city is closed with a total population P = P z P z = P 1 + P 2 , and two land uses, only residence at zone 2 and both residence and employment at zone 1. Both the housing and employment locations of each consumer are fixed. By defining the population density of zone z as D z = P z /A z and the density ratio between the two zones as r d = D 2 /D 1 , then, the population at zone 2 can be expressed as a function of the density ratio, 2 i.e.,
Assuming that each urban zone z is spatially organized in square blocks of average length L bz , which is equal to the average intersection spacing or link length (distance between two consecutive traffic lights per block, see the inset view of Fig. 2 ), the total number of blocks can be continuously approximated as
bz . By uniformly partitioning the total area of a region into a finite number of square block groups, the number of lanekm can be approximated by multiplying the total number of block sides with the average link length L bz and the average number of road lanes ' z at that zone, as follows:
The model sets certain assumptions about the average link length L bz and number of lanes ' z (Section 4), which yield the total network length, in terms of total lane-km TLK = L 1 + L 2 . By denoting as w the unit price per lane-km, in monetary units (mu/lane-km), the total budget required for road construction and maintenance costs in zone z is wL z . The present value of this budget can be obtained through Eq. (2), where / is a depreciation factor:
This relationship expresses the present value of annuity payments, which refer to a stream of fixed payments over a specified period of time (annually), taking into account the time value of money, interest rate r 0 and duration T D (in years) of the design period of analysis (Lasher, 2008) . It is noted that the representation of capital depreciation is not constrained by Eq. (2) and other functions may well be used for this purpose.
The individual demand is assumed here as perfectly inelastic and there is absence of tolls; hence, there are not components of consumer surplus and toll revenues. Thus, the efficiency gains resulting from an optimal urban plan (in terms of the city size, land use and network configuration) can be defined by minimizing the deadweight loss, 3 by saving per-capita average time cost or aggregate infrastructure capital and time costs, in monetary terms. The latter measure expresses the total social cost (for both the government and consumers). The present value of the total social cost, TSC z , encompasses the infrastructure (budget) cost, B z , and the total travel time s z . In order to take into account the population heterogeneity, the transformation of s z into monetary units relies on weighting with the corresponding value of travel time VOTT z of commuters whose origin is located at zone z. Let us decompose the vehicle accumulation within the CBD as n 1 = n 11 + n 12 , where n 11 and n 12 are the numbers of vehicles in zone 1, which originated from zones z = 1 and z = 2, respectively (time index is omitted for brevity), and denote the vehicle accumulation in zone 2 as n 2 . Provided that interval t has duration of one minute, each vehicle traveling either in zone 1 or zone 2 adds to the trip cost of the corresponding zone one minute of travel during the period T of analysis. By aggregating the intervals in which each vehicle is traveling in the zones 1 and 2 over the period T, the total travel time in each of the zones (expressed in veh-h) is s 1 =
R
T n 11 (-t)dt and s 2 ¼ R T ðn 2 ðtÞ þ n 12 ðtÞÞdt, respectively. Then, the total social cost in the whole urban area can be expressed as:
where p a refers to a factor projecting the estimated travel time s z for the period of analysis to the whole peak travel period of a typical day (weekday) on a yearly basis. By assuming that the trip costs are mostly accumulated in the morning peak period and the remaining period of a typical day accounts for the 50% of the trip costs of the peak period, and given that the typical days of a year amount to 260 (by excepting the weekends), it is obtained that p a = 1.5 ⁄ 260 = 390. As it was explained before, the problem objective can be associated with the minimization of either the TSC or the total average per-capita travel time ATT = (s 1 + s 2 )/qP, where q is the car ownership index (cars/person), assumed to be the same for both zones. Subsequently, it holds that the per-capita travel time spent by the consumers whose origin is located at zone z = 1, 2 is
The minimization of the above objectives may be subject to social, fiscal, regulatory, operational and physical constraints. Such constraints may be related to budget and equity problems typically arising in the design of city characteristics. They involve the max- 2 Although the population density gradually changes from the CBD to the residential area in several real cases, the conventional assumption of the concentric zoning system allows the plausible separation of urban space into two zones with distinct land uses (residential and mixed) and the investigation of various zonespecific urban policies, such as boundary growth control, region-wide changes of street network or block densities, perimeter controls and cordon toll pricing. imum available total budget U B (in present value terms) and the spatial equity SE ¼ j1 À ðATT 2 =ATT 1 Þj 6 U S and fiscal equity FE ¼ j1 À ðB 1 =B 2 Þj 6 U F of consumers between the two zones. The measurement of inequities, with respect to time or monetary variables, can offer a meaningful base for the fair reallocation of land and network resources. The constraint of spatial equity addresses the question of whether the inter-regional provision of transport services is equitable, in terms of the difference in the ability of commuters from various zones to access work locations (here, those located in the CBD). The fiscal equity constraint addresses the fair allocation of public expenditure among regions and the equitable coordination or regulation of fiscal competition between them, given a fixed budget for road infrastructure investment. The use of upper level constraints, U S and U F , gives favorable emphasis on the accessibility of commuters originating from the periphery, compared to those originating from the CBD, and the allocation of road expenditure on the CBD, compared to the periphery, respectively.
Based on Eq. (2), the budget constraint U B does also impose a constraint on the maximum allowable (or feasible) consumption of land for transport in the whole urban area, in terms of the maximum total lane-km TLK max ¼ U B T D =wu. In empirical applications of the model into realistic metropolitan areas (see Section 5.4), this constraint can also be expressed in terms of keeping the TLK fixed. Then, it denotes that no additional portion of land should be consumed for transport in the city and allowable changes only concern the inter-zonal reallocation of land for this purpose. In addition, as described in Section 5.2, the above constraint can be modified or augmented to include a maximum fraction of land area A maxz P xL z =A z to be allocated for transport in region z, where L z is estimated from Eq. (1) and x is a typical average road width (e.g., 3 m, see Fig. 2 ).
Another constraint refers to the level-of-service (LoS) requirement of the road transport system, which can be defined as U O P n fz =n crz for each zone z ¼ 1; 2, where n fz is the vehicle accumulation at the last time interval f in which the period of analysis is partitioned and n crz (or k crz ) is the critical accumulation (or density) at which the outflow is maximized (see Fig. 1 ). At accumulation n z > n crz or corresponding density K z ¼ ðn z =TLK z =' z Þ > k crz , the system enters into the hypercongestion regime (see Section 3). The latter constraint aims at ensuring the smooth dissipation of queues and elimination of hypercongestion at the end of the reference period of analysis.
The MFD approach for modeling congestion dynamics

Description of the MFD model
The macroscopic-network traffic models which have been recently proposed and tested (Daganzo, 2007; Daganzo and Geroliminis, 2008; Geroliminis and Daganzo, 2008) , state that traffic in homogeneously loaded large urban regions can be modeled dynamically at an aggregate level, if such regions exhibit the following properties:
(i) there exists a MFD 4 linking the average car density with the average flow in each region, and
(ii) there is a linear relationship between the flow and outflow in each region, i.e., the average trip length within each region is time invariant.
Consider a city partitioned into two concentric reservoirs (zones), 1 and 2 (Fig. 2) . The homogeneity of traffic conditions assumed in each reservoir is consistent with the homogeneity that applies to flow and density when dealing with road congestion in urban economic models (Ohta, 2001; Small and Chu, 2003; Arnott and Inci, 2010) . Specifically, the average travel time needed for vehicles to move within a region (or to pass over another region) is the same for a given interval t, which denotes the equalization of the (average) time cost among all users in that region. This is analogous to the (uniform) distributions adopted in modeling homogenous roads, including bottlenecks, where the time needed to pass across the link (or remain in that link) is considered to be the same. 5 The above properties pertaining to the traffic dynamics imply, for each reservoir z, (i) the existence of a MFD, Q z (n z ), between accumulation n z and network flow Q z (in veh-km/min) and (ii) that equation O z ðn z Þ ¼ Q z ðn z Þ=k z holds, according to the well-known Little's formula for steady-state queuing systems (Little, 1961) , where O z is the outflow and k z the average trip length in that zone. 6 It is also assumed that there exists an entrance function C 2?1 (n 1 ), which describes the maximum inflow to zone 1 from zone 2. The causality of this function is that sufficiently large accumulations in the CBD restrict its inflow along the periphery. By changing the parameters of traffic signals in the boundary of the two zones, principally through adjusting a control variable x for the demand-responsive metering of access to zone 1 from zone 2 (see subsection 5.3), one could develop perimeter control strategies to reduce hypercongestion in the total urban area and keep the accumulation in the city center at optimal levels. The dynamic equations between the state variables (n 1 , n 2 ) and demand inputs (q 1 , q 2 ) of the system are described as:
The second term of the right hand side, for both Eqs. 4(a) and 4(b), represent the transfer from zone 2 to zone 1; the third term of Eq. 4(a) represents the rate vehicles finish their trips inside reservoir 1. Based on the decomposition of vehicle accumulation within the CBD into n 11 and n 12 , an additional set of dynamic equations is obtained as follows:
Analytical relationships have been recently developed, as specified with the model of Daganzo and Geroliminis (2008) , to explore the connection between network settings and a MFD for urban neighborhoods where cars are controlled by traffic signals. The MFD for each region, Q z (n z ), can be expressed as a function of: (i) network variables: average link length, L bz , and average number of lanes, ' z ; (ii) link variables for one lane (common for both regions): free-flow speed, u ff , jam density of a fully congested road, k j , saturation flow, s (maximum flow of cars during green time), and congested wave speed (speed of queue length increase when vehicles at saturation flow approach a red light and stop), u w ¼ u ff =ðk j u ff =s À 1Þ; and (iii) intersection variables: signal cycle offset, d (the time difference at the beginning of green between adjacent traffic signals), cycle time, C, and green time, G. The scalability of flows from a series of links to large traffic networks is not a straightforward transformation. Route or network capacity can be significantly smaller than the sum of capacities of constituent single links, because of the correlations developed through the different values of offsets. The offsets affect network capacity considerably when blocks are short.
In the MFD, any set of flow Q z (or outflow O z ) and accumulation n z (or network traffic density K z ) values relates to some level of (hyper)congestion, which depends on the network traffic capacity of region z. The capacity refers to the maximum flow Q max Z in the region, at the critical accumulation n crz (or critical density k crz ), and it depends on the zone width R z and the average intersection spacing (link length) L bz and number of lanes ' z . Based on the dynamic traffic loading of the two regions according to the demand profile shown in Fig. 3 and following Eqs. 4(a)-4(d), the non-monotonic pattern of the MFD for region z is derived by fitting two distinct second-degree polynomials of the form Q z ¼ a 1 n 2 z þ a 2 n z þ a 3 . The set of parameters (a 1 ; a 2 ; a 3 ) corresponds to a specific link length L bz and is calibrated separately for the upward (congested) and downward (hypercongested) parts of the curve (Fig. 1) . The optimal plan resulting from this pattern relates the flow Q z (n z ), for a given vehicle accumulation n z and traffic density K z in the region, to a given land use density (or block density, in terms of the number of blocks with a specific land use per unit area). The MFD model can ensure the maximum flow and throughput in the case where critical density is reached, beyond which the network becomes hypercongested and the flow decreases.
Through the MFD pattern, the diseconomies of scale and density in each region are taken into account. Hence, in contrast with the traditional economic models, the present one can plausibly explain how congestion costs (diseconomies of agglomeration) in the city will force changes in the optimal amount of land and network resources, or their reallocation from one region to another. In this way, the MFD allows directly the use of flow and car density as two policy instruments which affect the city size, land use and block density, and network structure. Fig. 1 shows an example of a MFD specified for the concentric city model (Fig. 2) , with total area A = 120 km 2 and equal zone widths R 1 ¼ R 2 ¼ 3:09 km. The network variables are defined as L b1 = L b2 = 100 m (meters), ' 1 = 2.0 and ' 2 = 1.5, while the values of link and intersection variables are the same to those used in Section 4. In this section, we assume that the demand profile for both zones has a symmetrical trapezoidal shape, with a total morning period of analysis equal to 360 min (minutes) and a peak period length of 120 min, and zonal populations P 1 = 1.076 and P 2 = 1.872 million residents (with car ownership index q = 0.5).
These values make the system exhibit hypercongestion. The magnitude of demand input in each zone is determined in analogy with the regional allocation of population (Fig. 3) .
Comparison with existing models
Consider the dynamical system of a two-region city (Section 2) governed by Eqs. 4(a)-4(d). Simulations run with different demand sizes (total trips per day) and lengths of peak period, i.e., 1 h (highest peak), 2 h, 3 h and 6 h (flat demand). The system returns to uncongested conditions by the end of simulation period, i.e., the same number of trips is completed for runs having the same demand size. The results are summarized in Fig. 4 . It is clear that when traffic conditions are undersaturated and demand is low, the effect of variation in demand (as expressed with the peak period length) is negligible. The reason is that the MFD has almost linear behavior for small values of accumulation (see Fig. 1 ) and the total delay is not sensitive to small variations of flow within the given period. But, once the dynamical system of the two-region city enters the congested regime of the MFD for one of the regions, then assuming an average cost-demand curve creates significant errors. As expected, the more concentrated peak periods (and, hence, higher peak-period accumulations) are associated with higher increase of travel cost in relation to demand size, compared to the more dispersed and flat peak periods. Fig. 5 illustrates the differences in the results obtained from the use of the MFD and a simple, static model (SM) of network traffic congestion. The SM adopts a simple supply function, where travel time at every instance is an increasing function of the inflow. 7 In the SM, the travel cost conditions are stationary and the network traffic inflow solely depends on the given (trapezoidal with a 2 hpeak period) pattern of demand and traffic capacity constraints, based on the specific city configuration. Namely, it ignores the network traffic dynamics, as described in the Eqs. 4(a)-4(d), which take into account time-varying changes of trip flows and travel cost resulting from previous time intervals due to queuing (in consistency with the physics of hypercongestion), and uncompleted trips, which is a function of the network outflow. The MFD model supply function is dynamically specified by plotting the per-vehicle average travel time for each interval t for the inner region 1 (Fig. 5a ) and outer region 2 (Fig. 5b) , TT 1 (t) and TT 2 (t), as a function of the demand input of each region, q 1 (t) and q 2 (t), respectively. The different scenarios are analyzed for population sizes ranging from P = 1.3 million to P = 1.9 million. The supply function of the SM is correspondingly determined for each region and population size by calibrating a best-fit curve to represent the static relationship between travel time and inflow demand for each interval t (Fig. 5a and b) . In contrast with the SM, the supply curves of the MFD model form loops. These loops signify that transport networks are not memory-less, since the same inflow will create higher travel times in a more congested state, compared to an initially less congested (or uncongested) state. They also show that vehicles at the offset of hypercongestion experience higher travel times for the same inflow than at the onset of hypercongestion. In region 2 (Fig. 5b ), for population P < 1.6 million, there is no significant congestion and all curves produced by the MFD model are similar. For both regions and smaller population sizes, the initial segments of the curves formed by the SM and the MFD tend to coincide at the uncongested part. The error resulting from the SM is magnified with the increase of congestion and growth of population (for P P 1:6 million). Fig. 5c summarizes the comparison of the results of the SM and MFD for the day period-average travel time per vehicle trip, TT SM and TT MFD , respectively, for increasing population (every P = 0.03 million) between P = 1.3 million and P = 1.9 million. It is found that the results of the two models are the same (TT SM ¼ TT MFD ) when P = 1.7 million (at point A), the SM overestimates (TT SM > TT MFD ) the day period-average travel cost when P < 1.7 million and underestimates it (TT SM < TT MFD ) when P > 1.7 million. However, as it is shown in Fig. 5d , even when TT SM ¼ TT MFD , the SM is not able to accurately estimate the trip cost in the urban area. This is because the per-vehicle average travel time TT SM (t) resulting from the SM may present significant intra-day deviations (depending on the time-of-day traffic conditions) from the per-vehicle average travel time TT MFD (t) resulting from the MFD. Specifically, when P = 1.7 million, the overestimation and underestimation errors of the SM, in relation to the MFD, are equalized and canceled out over the day period (Fig. 5d) . The inaccurate modeling of the flow-density relationship and congestion costs through the SM may lead to misallocation of land and network resources in the urban area, and it cannot be utilized for deploying intra-day dynamic traffic management schemes, such as perimeter control and congestion pricing.
Model application with both fixed and variable parameters
In the current simulations, the two-region city has a total base population P = 1.3 million, fixed density ratio r d = 0.5 (i.e., the population density in the periphery is half that of the CBD) and car ownership index q = 0.5. The urban topology characteristics are described by six parameters: the average block (or link) lengths, L b1 and L b2 , and average number of lanes, ' 1 and ' 2 , in zones 1 and 2, respectively, zone width ratio R 2 /R 1 , which produces R 1 and R 2 (for the case of fixed R), and zone width R 2 , which produces R 2 /R 1 ratio (for the case of variable R 2 ). In all the experiments, the permissible values of average link length are ranging from 70 to 500 m and of average number of lanes from 1 to 3, for both zones. Each combination of optimized parameter values results in a different plan, with respect to the city size, land use and network configuration, whose efficiency is evaluated with either the total social cost, TSC, or the average per-capita travel time, ATT. In order to create some intuition about how topological parameters affect the different objectives, some preliminary analysis is performed first, wherein only two parameters (out of the six) are optimized considering the others as fixed. This situation could be due to imposition of physical, administrative or other constraints to the planning process. More specifically, the first set of experiments (plans 1-4) assumes that the total radius is fixed R = 6.18 km, hence, the total urban area is A = 120 km 2 . The second set of experiments (plans 5-6) relaxes the above restriction and assumes a fixed CBD radius R 1 = 3 km and variable size of the outer zone with a minimum width R 2 = 3 km. The optimized parameters are as follows: L b1 and L b2 for plan 1, R 2 /R 1 and L b2 for plan 2, R 2 /R 1 and ' 2 for plan 3, L b2 and ' 2 for plan 4, R 2 and L b2 for plan 5, and R 2 and ' 2 for plan 6. Later, in Section 5, a full optimization framework is demonstrated that allows identifying optimal solutions for all available parameters.
The critical values of the model parameters have been experimentally evaluated in previous simulated and real case studies . They are assumed to be proportional to the size of reservoirs: free-flow speed u ff = 43.25 km/h, jam density k j = 0.14 veh/m, saturation flow s = 1700 cars per hour per lane during green time, traffic signal cycle length C = 90 s, green time G = 40.5 s and a satisfactory signal offset to provide efficient coordination between traffic signals. It is assumed that the average trip lengths in zones 1 and 2 are k 1 ¼ 1:2 R 1 and k 2 ¼ 0:8 R 2 . The average value of travel time for commuters in zones 1 and 2 are VOTT 1 = 10 mu/hour and VOTT 2 = 6 mu/hour. The temporal profile of demand is assumed to follow a trapezoidal shape (Fig. 3) , with total period of analysis equal to 360 time intervals and (morning) peak period equal to 120 intervals. In terms of the infrastructure cost parameters (see Eq. (2)), the unit price w = 15 million mu/lane-km, the interest rate r 0 = 0.1 and the design period of analysis T D = 15 years.
Let us define n max as the maximum vehicle accumulation in the analysis period. Based on suitably scaling the total base population, three scenarios about the levels of demand and resulting congestion conditions for both zones are defined as follows:
(a) reduced demand, which refers to low or mild congestion with 0:5 6 n max =n cr < 0:9 during the peak period, (b) moderate demand, which refers to system operation in close-to-capacity conditions, such that 0:9 6 n max =n cr < 1:0 during the peak period, and (c) increased demand, which refers to system operation in oversaturated conditions (hypercongestion), such that n max =n cr P 1:0 during the peak period.
In each scenario, these changes yield a different optimal set of parameters and selected urban plans. In the plans 1-4, wherein the population density is kept fixed for the total urban area, only inter-zonal changes in density are allowed. In the plans 5-6, the population density is only influenced by changes in the optimal land provision in the periphery. Tables 1-6 summarize the results for different levels of congestion (low, close-to-capacity, hypercongestion) conditions, by showing the values of network parameters (average block length and lane number), zone widths, TSC and ATT, spatial and fiscal equity, and total required budget (in billion mu or bmu).
In all the cases considered, the increase of demand level and congestion conditions, from reduced demand (Tables 1 and 2) to moderate demand (Tables 3 and 4 ) and, then, increased demand (Tables 5 and 6 ), leads to increased TSC and ATT, as well as larger investment needs, since the number of commuters who must be served also increases. The higher budget is invested to create more dense networks to keep the service quality for the increased demand at an acceptable level. For instance, in plan 1, when minimizing the TSC, block lengths decrease (and budget increases) as the demand moves from low to moderate conditions, i.e., from In Tables 3 and 4 , plans 1a and 1b are comparatively examined to evaluate the impact of different CBD boundary constraints, in terms of setting the value of R 2 /R 1 ratio equal to 1.00 and 0.50, respectively, on various performance measures. The increase of land occupied by the CBD, relative to the periphery (plan 1b), leads to the reduction of TSC and, particularly, of ATT, and the increase of total budget. Similarly, the results of plans 2 and 3, where the total radius R is held fixed, demonstrate that reducing the R 2 /R 1 ratio, which implies increasing the share of commuting within the CBD, as traffic congestion increases, leads to diminishing the TSC and ATT.
The current findings are important because they take into account the exact fraction of land that is assigned to each use (residential and mixed), in contrast with the traditional urban economic analysis, where land use patterns typically refer to exclusive zones or rings for each use. Hence, they can provide useful insight into the optimal share of land use mixing in the urban area, even in hypercongestion conditions. The results verify previous findings in the relevant economic literature that fully interspersed (residential and employment) land use is never optimal (considering congestion effects) and that mixing in the CBD becomes optimal when traffic demand equilibrates at some level of congestion (Wheaton, 2004) . The results are also consistent with those of McDonald (2009) , in which the selective movement of households with commuters from an outer ring to an inner ring where they work was found to reduce congestion costs and improve efficiency in a monocentric city. Table 3 Optimal values of parameters for minimization of TSC and ATT (in parenthesis) objective functions under the moderate demand scenario. Table 5 Optimal values of parameters for minimization of TSC and ATT (in parenthesis) objective functions under the increased demand scenario. This outcome concerning the land use mixing (or share of commuting) in the CBD can be attributed to the decrease of trip delays due to the reduced total distance traveled. This is because of the increasing share of intra-zonal trips, compared to the inter-zonal trips, as the width ratio R 2 /R 1 decreases. Besides, the reduction of the ATT (plan 1a vs. plan 1b) and R 2 /R 1 ratio, as the congestion level increases, result in improvement (toward zero) of the spatial equity metric, while the impact on fiscal equity is reversed. Therefore, in the presence of urban boundary constraints, the growing levels of congestion favor more compact city development, through mixing land uses in the inner area, to reduce delay externalities and improve spatial equity. The requirements (set as U O 1;2 ¼ 0:50, for the level-of-service, U S = 2.0, for spatial equity, and U F = 1.0, for fiscal equity) are found to be ensured (not binding) in all cases, except for plan 4 in the moderate and increased demand scenarios (Tables 4 and 6 , respectively), where SE > 2.0. In the latter case, the spatial equity constraint must be relaxed to yield a feasible optimal plan.
At all levels of traffic congestion, plan 2 (in the first set of experiments) and plan 5 (in the second set of experiments) are found to produce the lowest TSC and ATT. Namely, the average block length (or link length) in zone 2 can provide the best possible design instrument to mitigate congestion externalities, in conjunction with changing either the share of urban land in favor of the CBD or the total urban boundary for a fixed CBD area. Specifically, increase of the outer area block density, i.e., a shorter average link length L b2 (improvement of the street network connectivity in zone 2), as well as increase of the CBD area, entails improvement of the system capacity. This is because of the increase of the density of access roads and throughput, i.e., the rate vehicles enter into the CBD. On the other hand, increase of the average block density entails a larger total number of links and, hence, a higher amount of road investment (construction and maintenance cost).
5. An optimization framework for parameter estimation
Unconstrained optimization results
In this subsection, the TSC and ATT are minimized with respect to all available parameters without imposing constraints. The least possible assumptions are made to ensure a plausibly allowable size of road infrastructure (see Section 4) and distinct separation between the two urban zones, to facilitate understanding of the model and interpretation of the results. The plans are investigated for different levels of demand, by gradually (using a factor of 1.5) increasing the total population size, i.e., P = 1.30, 1.95, 2.60 and 3.25 million. The unit prices and parameter values of infrastructure costs and the lengths of the total and peak period are the same to those adopted in Section 4. The optimization process is based on multiple runs of a steepest descent (SD) search routine to avoid local optima. It is known that the traditional SD method can be trapped to local minima. To address this weakness, the SD approach is combined with an initial random search in each consecutive run to identify a set of good initial solutions and improve the 'best' solution of the previous run. Table 7 presents the optimal values for the TSC and ATT, and the estimated parameter values and measures of equity and budget (which do not express constraints but they are outcomes of the optimization process), for different population size and urban growth scenarios.
The optimization results, which involve a higher degree of freedom, are found to be consistent with those described in the previous section. Specifically, larger population sizes are associated with higher expenditure and delay externalities, as reflect the increased values of the TSC and ATT. In addition, they suggest a more compact pattern of urban development, as implied by the shorter average block length, particularly for zone 2 (L b2 ), and the smaller ratio R 2 /R 1 , for both urban boundary growth scenarios (i.e., with fixed R and fixed R 1 ). The reduction of commuting share from zone 2, compared to the CBD, decreases the average travel time ATT 2 of vehicles originating from that zone, in relation to the ATT 1 , thus improving (moving closer to zero) the measure of spatial equity (based on ATT minimization). On the other hand, the measure of fiscal equity deteriorates (moves away from zero). This is because the CBD attracts more investments as it increasingly consumes more of the available land, relative to the periphery. The next subsection presents a sensitivity analysis of various parameter values and constraints.
Sensitivity analysis
The rapid growth of large metropolitan areas worldwide sets forth the need for a sensitivity analysis of initial plans on which the urban development process has been based. Given the optimal plan settings obtained for different population sizes (Table 7) , the TSC and ATT are re-estimated for increasing (%) rates of travel demand growth. As it is shown in Fig. 6a-d , the optimal plans corresponding to smaller population sizes (1.3 and 1.95 million) yield higher ATT as the demand growth rate increases, compared to those corresponding to larger population sizes (2.6 and 3.25 million), for both minimization problems and boundary growth scenarios. Specifically on the basis of the ATT minimization, when R is fixed (see Fig. 6a ), the ATT remains small up to a 25% increase in demand, but then it remarkably increases from 5.8 min to 42 min, for initial population size of 1.3 million, and from 6.5 min to 26 min, for initial population size of 1.95 million, when the level of demand increases by 70%. Values of ATT more than 30 min indicate that the system is unable to return to uncongested conditions by the end of the period. However, the ATT increases only from 7.1 min to 22 min, for initial population size of 2.6 million, and from 7.7 min to 18 min, for initial population size of 3.25 million, for the maximum level of demand increase. These differences can be attributed to the higher total budget and, hence, increased road capacity allocated for cases of larger initial population size (see Table 7 ).
In the case where R is fixed (Fig. 6a) , the ATT increases much sharper with the growth of population, compared to the case where only R 1 is fixed (Fig. 6c) . For instance, for initial population 1.30 million, the city becomes highly congested (ATT > 13 min) when population grows by about 30% in the former case, while this occurs when population grows by about 70% in the latter case. Therefore, the increase of ATT is getting smaller when planning the city for higher (possibly expected in the future) population sizes and when only R 1 is kept fixed (R 2 is variable). These non-linear changes of ATT with respect to population growth can be interpreted by the non-monotonic flow-density relationship that reflects the resulting MFD pattern for each region. The MFD accounts for the sensitivity to initial conditions and plausibly explains the diseconomies of a sprawled periphery in relation to the CBD, compared to traditional economic models of urban congestion (see Section 1).
Specifically, this outcome can be attributed to the fact that considering (or predicting) a more crowded urban area, keeping the boundary of the CBD fixed and controlling (compressing) the width of the residential area, leads to a larger increase of block (or street network) density. This pattern entails a more compact city development and higher share of within-CBD commuting, compared to considering a less crowded urban area and keeping the total urban boundary fixed. Although it induces higher expenditure, the increased network density results in a MFD shape that is associated with less hypercongestion and an enhanced system capacity and throughput of the residential area. Also, it allows drivers to more easily divert to alternative paths (reroute) towards their destination at the CBD and, hence, avoid or experience less congestion delays. Such a plan can offer a more robust and sustainable urban development, particularly in the presence of rapid population growth.
Next, the optimization of ATT is investigated for different population sizes and available levels of budget, in terms of the fraction of the CBD land area devoted to roads (to enhance the physical intuition of the results), given the zonal widths. This fraction is assumed to be fixed for the periphery and equal to 1/4 of the corresponding value for the CBD area. The average road width in both zones is set equal to x = 3 m. Population size reflects the density of car trips generated per km 2 per day. The results are summarized as a contour plot in Fig. 7 . The plot is divided into six regions: each region represents a distinct level-of-service of the auto mobility in the CBD and the suburban area, as denoted by the ratio n Ã z ¼ n z =n crz of the current accumulation to the critical accumulation (when n Ã z > 1, then hypercongestion occurs).
The data points of the plot in region A denote free-flow conditions (ATT < 6 min) for the whole duration of the period, while data points in region F denote cases where regions reach gridlock (ATT > 30 min), at the value of jam density where vehicles stop moving. The evolution of n Ã z over time in the CBD and suburban area is graphically illustrated in Fig. 7 for several cases. Planners should arguably decide to design the urban network to operate in regions B, C or D. Region A mostly entails a huge infrastructure investment cost, as reflects the high portion of CBD land devoted to roads, while regions E and F experience large reductions of the level-of-service, namely, hypercongestion conditions (n Ã z > 1) for a considerable length of the peak period.
Furthermore, the contour plot shows that there are some areas in the upward-moving part of the regions B, C, D and E where a small increase in the car trip density can significantly increase the level of congestion and reduce level-of-service. These non-linear changes are observed for the smaller fractions, up to about 15%. Hypercongestion arises in region C (for the suburban area) and regions D, E and F (for both the CBD and suburban area), when time approaches the mid of the peak period (after t = 200 time units). Thus, the allocation of land (for residence, employment and transport) per unit area and the intra-day evolution of congestion dynamics play an important role on how the vehicle accumulation degrades throughput, given the city size and network operating characteristics. These findings suggest that cities would likely select to trade investment cost for increased levels of robustness in network operating conditions, away from those areas where the cost impact of small fluctuations in demand or capacity cannot be predicted (e.g. due to special events, accidents, etc.). In this way, planners can make decisions on what percentage of car trips should be shifted to public transport to avoid excessive system delays. In all the results presented in Fig. 7 , an advanced control of traffic signals has been applied, as it will be described in the next subsection.
The effect of perimeter control
In the case of highly congested networks (for instance, due to high population growth relative to network capacity, as shown in Fig. 6 ), the solution of increasing the urban block (or network) density (Section 5.2) can be impractical due to severe fiscal, land availability and other constraints. The deployment of improved traffic control strategies may have an effect similar to that of building more capacity, since it allows more vehicles to use the system within a given period (Button, 2010 ). An advanced, real-time perimeter control strategy is required to prevent overcrowding in the CBD, through the demand-responsive metering of access to maintain the auto mobility at a stabilized level. For instance, longer red times can be applied into the traffic signal settings across the perimeter of the CBD area during peak hours for phases which direct vehicles to the center.
By employing the MFD approach, a simple way to deploy this strategy is to monitor the system so that, when traffic density passes its critical value, to restrict entry flow from the suburban area to the CBD. In this way, the oversaturated traffic flow is converted into queues and hypercongestion is eliminated by the end of the peak period. In the case where both regions of the city are highly congested, a more complex strategy should be developed. This control strategy is formulated as an optimization problem, where optimal control values x(t) are identified to minimize the ATT, as follows:
0 6 xðtÞ 6 1:5; 8t 0 6 n 1 ðtÞ; n 2 ðtÞ; 8t
The above problem is solved by using the generalized reduced gradient algorithm, which is a well-known, efficient and robust methodology for solving non-linear programs of general structure. For demonstration purposes, the outcome of Fig. 6b is compared with the ATT yielded after implementing the perimeter control, for different population sizes. The results are summarized in Fig. 8 for initial population 1.3 million and the same network settings. The plots show the evolution of the number of vehicles in each of the two regions (CBD and suburban area) over time and the value of parameter x(t), for three population sizes (1.65, 1.85 and 1.95 million), with and without perimeter control.
While the perimeter control only slightly improves the ATT for smaller population sizes, the benefits are found to become signifi- cantly larger for higher population sizes. Note that the system does not reach gridlock even for 50% population growth (1.95 million) once the perimeter control is applied, while increased congestion is present for a much smaller population growth (1.65 million)
without control (i.e., xðtÞ ¼ 1 8t). In the case of perimeter control, hypercongestion occurs in the suburban area only for population of 1.85 and 1.95 million, and n Ã z always returns to the uncongested state at the end of the period. On the contrary, hypercongestion always occurs in the suburban area without control, while n Ã 2 takes very large values for t > 200 time units and it never returns to the uncongested state for populations of 1.85 and 1.95 million.
These results indicate that a better utilization of existing road capacity through installing an advanced traffic signal control software can provide an efficient and relatively low-cost policy option to serve the growing amount of car trips and retain the auto mobility within the city center at a desired level. This option is preferable than the costly and usually impractical solution of increasing network density. Such a policy may be regarded as a desirable alternative (no-toll) second-best optimal strategy compared to the firstbest optimum network capacity provision with marginal-cost pricing. This particularly holds in cases where dynamic congestion charging is infeasible due to very expensive (high-technology) investment, increased administrative costs for operating the system and limited enforcement capacities. Other dynamic traffic management schemes such as time-varying parking fees could also be adopted to enhance time cost reductions. Finally, in the case of high demand increase, more sustainable, multi-modal provision strategies may be necessary, in order to shift consumers to other modes, such as bus and metro (out of the road network). The latter issue is outside the scope of this paper, but it definitely constitutes an important research priority.
Results for typical settings of major cities
The previous findings showed that relatively small changes in the network capacity (either due to provision or technology enhancement) can result in significant reduction in trip costs. In the present subsection, this is demonstrated by employing typical settings for large metropolitan areas worldwide, including London, Johannesburg, Mexico City, New Delhi and Mumbai. For the given population, car ownership index, value of time (based on income data from the World Bank), spatial characteristics (R 1 , A 1 and R 2 , A 2 ) and total available budget (as calculated in terms of the TLK) of these urban areas, optimal plans are estimated with respect to changing network design parameters. Other parameters, such as those referring to link and intersection variables, and infrastructure costs, are assumed to be the same (as defined in previous subsections) for comparison purposes. In order to represent each city according to the simplified concentric urban model (Section 2), a uniform block structure is assumed, without regarding the complexity associated with the hierarchy of road network.
Each city is simulated as having two concentric zones, i.e., the inner (CBD) area (zone 1) and the outer (residential) area (zone 2). For all the cities, the total period of analysis is set equal to 360 time intervals (6 h), with a peak period of 240 intervals (4 h). Based on equation (1), the total lane-km of each city can be expressed as:
By assuming (e.g., based on map observations) the average block length of zone 2, L b2 , the average lane number of zone 2, ' 2 , and the relationship between ' 1 and ' 2 (k ¼ ' 1 =' 2 ) as given, then, for fixed TLK (budget constraint), a number of optimal plans can be obtained for different values of ' 1 . The average block length of zone 1, L b1 , can be easily estimated, based on Eq. (6), as follows: Table 8 presents the results of optimal plans for the settings corresponding to each city. In addition to the performance measures used in the previous subsections, the measure of congestion index is also calculated here. This index is obtained from the ratio s/s ff of the estimated total travel time (s = s 1 + s 2 ) for the whole period to the corresponding total travel time s ff at free-flow conditions (where n max =n cr 6 0:1). Moreover, the level of congestion index depicts the magnitude at which the trip cost is underestimated when ignoring the effects of congestion in the network. This magnitude, whose values range from 0.95 to 4.84 (Table 8) , provides supporting evidence of the need to appropriately measure the congestion cost by the proposed MFD model.
The findings verify that, in certain cases, there can be remarkable reduction of the congestion externalities through relatively small changes in specific network parameters. The reduction of the TSC and ATT is magnified with the increase of the k value (from 1.25 to 2.0). This outcome signifies the importance of increasing the capacity, in terms of the average lane number, of the (higher density and more congested) inner area, relative to that of the outer area, in order to decrease congestion delays and total travel times. Nonetheless, the improvements considerably vary with the characteristics of each city. More specifically, for the case where k ¼ 2:0, Mumbai and New Delhi, which have increased population densities, experience the lowest reduction in the TSC (À6.3% and À7.7%), ATT (À13.5% and À32.3%) and congestion index (À13.8% and À34.2%). On the contrary, Johannesburg and London, which have relatively lower population densities, experience the highest reduction in the TSC (À34.5% and À30.1%), ATT (À58.1% and À40.5%) and congestion index (À80.4% and À42.2%).
However, the resulting optimal plans lead to larger spatial inequity in London and Johannesburg (increasing by 2-3 times the relevant metric), compared to the other cities. The optimal plans also result in larger fiscal inequity in all the cities. The equity is generally decreasing by allocating more capacity in the inner zone, in terms of increasing k value (from 1.25 to 2.0). This reduction of equity can be attributed to the spatial constraints imposed to the boundaries of both zones as well as the budget constraints, in terms of keeping the TLK fixed. Other policies, such as investment on a public transit mode and imposing time-of-day tolls to shift the rush hour to other times, could further reduce congestion costs (McDonald, 2009 ). Subsequently, they will decrease the amount of infrastructure capital redistribution needed to improve efficiency and the adverse effects on equity.
Conclusions
This paper addresses the problem of optimal city size and network structure by considering the traffic congestion dynamics in large urban areas. In contrast with traditional urban economic models, the MFD approach allows the parsimonious time-varying modeling of the non-monotonic travel cost vs. flow relationship, including hypercongestion, at the level of homogenous urban regions, which is consistent with the physics of traffic and economic theory. In particular, it treats the complexity of congestion dynamics using only a handful of physically sound assumptions and it is tractable, involving relatively few degrees of freedom. It has reduced needs for data collection and processing, employing basic flow and cost measures as inputs, which can be easily calibrated, compared to other models that necessitate detailed network modeling, origin-destination trip estimation and traffic assignment procedures. Hence, it makes the given problem easy to solve, while keeping its realistic size and insightfulness regarding the analysis of land use and the urban economy. It is shown that the identification of a stable MFD during the peak period can yield optimal urban plans, in terms of the total and inter-zonal allocation of land and network resources, without or subject to various constraints, and in response to alternative land use and policy scenarios. The findings suggest the increased mixing of commuting within the CBD and compactness of the urban area, through boundary growth control and increasing block density (network connectivity), as travel demand grows, to maximize efficiency and improve spatial equity. Besides, the model can facilitate the effective implementation of policies which (i) for a given city size, make the system more robust, based on critical fractions of land allocated to transport, and (ii) for a specific network structure, fine-tune resulting plans through deploying simple control strategies, only relying on some critical value of traffic density. In the latter case, relatively low-cost investments for installing and operating advanced traffic control technology across the perimeter of the CBD, compared to dynamic congestion pricing and massive investment on a public transport mode, can lead to significant improvement in the desired level of auto mobility.
Increasing the accuracy of predictions of population growth and travel demand, particularly in rapidly urbanized areas, can help to suitably designate the boundaries and allocate network resources in each zone so that enhance the system capacity and sustainable metropolitan development. Moreover, redistribution of the existing road capacity among the urban zones may significantly reduce congestion costs, without need for increasing network density in the whole city. The amount of these improvements relies on the present level of available budget (road infrastructure stock), initial level of congestion, and spatial and socio-demographic characteristics of each metropolitan area.
The proposed model can be extended to include a range of urban forms, such as multiple centers and periphery with mixed rather than exclusive use. Further extensions may consider the hierarchical structure of the road network, departure time and activity location choices, time-varying congestion charging of commuters entering the CBD and integration of a public transport mode. Such travel demand management policies as staggered/flexible work hours may increase the length of peak period through temporal spreading of congestion (Henderson, 1981) . In turn, this would influence the design and resulting performance of optimal land and network resource allocation strategies among urban zones, in terms of further reducing total required budget and delay externalities.
